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Abstract 

Background:  Generalist herbivores such as the two-spotted spider mite Tetranychus urticae thrive on a wide variety 
of plants and can rapidly adapt to novel hosts. What traits enable polyphagous herbivores to cope with the diversity 
of secondary metabolites in their variable plant diet is unclear. Genome sequencing of T. urticae revealed the presence 
of 17 genes that code for secreted proteins with strong homology to “intradiol ring cleavage dioxygenases (DOGs)” 
from bacteria and fungi, and phylogenetic analyses show that they have been acquired by horizontal gene transfer 
from fungi. In bacteria and fungi, DOGs have been well characterized and cleave aromatic rings in catecholic com-
pounds between adjacent hydroxyl groups. Such compounds are found in high amounts in solanaceous plants like 
tomato, where they protect against herbivory. To better understand the role of this gene family in spider mites, we 
used a multi-disciplinary approach to functionally characterize the various T. urticae DOG genes.

Results:  We confirmed that DOG genes were present in the T. urticae genome and performed a phylogenetic recon-
struction using transcriptomic and genomic data to advance our understanding of the evolutionary history of spider 
mite DOG genes. We found that DOG expression differed between mites from different plant hosts and was induced 
in response to jasmonic acid defense signaling. In consonance with a presumed role in detoxification, expression was 
localized in the mite’s gut region. Silencing selected DOGs expression by dsRNA injection reduced the mites’ survival 
rate on tomato, further supporting a role in mitigating the plant defense response. Recombinant purified DOGs dis-
played a broad substrate promiscuity, cleaving a surprisingly wide array of aromatic plant metabolites, greatly exceed-
ing the metabolic capacity of previously characterized microbial DOGs.

Conclusion:  Our findings suggest that the laterally acquired spider mite DOGs function as detoxification enzymes in 
the gut, disarming plant metabolites before they reach toxic levels. We provide experimental evidence to support the 
hypothesis that this proliferated gene family in T. urticae is causally linked to its ability to feed on an extremely wide 
range of host plants.
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Background
Plants produce a diverse set of aromatic compounds, 
ranging from aromatic amino acids to secondary metab-
olites that often function as defense compounds against 
herbivores and pathogens (e.g., flavonoids, terpenes 
and phenolics) or as building blocks for structural poly-
mers (e.g., lignin and suberin) [1–4]. In addition, human 
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activities have led to persistent and toxic man-made aro-
matic pollutants such as benzene, nitrophenols, organo-
phosphates, chlorinated phenols, and hydrocarbons [5, 
6]. Some species of bacteria and fungi are able to degrade 
these often complex organic and synthetic aromatic com-
pounds and thus are important players in the global car-
bon cycle [5].

Microbial degradation of aromatic compounds involves 
a series of endogenous funneling reactions that convert 
a wide variety of organic compounds to either 3,4-dihy-
droxybenzoate (protocatechuate) or 1,2-dihydroxyben-
zene (catechol), simple monocyclic aromatic compounds 
(Figure S1). Both compounds are catabolized by the 
β-ketoadipate pathway (β-KAP), which first step is a ring 
cleavage reaction catalyzed by a class of non-heme iron-
containing enzymes referred to as ring cleavage dioxyge-
nases [6, 7]. Based on their cleavage mechanism, these 
enzymes are classified as either extradiol or intradiol ring 
cleavage dioxygenases.

The extradiol ring cleavage dioxygenases cleave proto-
catechuate and catechol rings adjacent to either of the 
hydroxyl groups (meta cleavage) to form semialdehydes 
[8, 9]. This class of enzymes is widespread across the tree 
of life. In addition, they typically exhibit large substrate 
promiscuity and catalyze multiple reactions in addition 
to the oxygen-mediated ring splitting, including epimeri-
zation, isomerization, and nucleophilic substitution [4, 5, 
10–12].

Intradiol ring cleavage dioxygenases (hereafter abbre-
viated as DOGs) cleave protocatechuate and catechol 
rings between the two neighboring hydroxylated car-
bons (ortho-cleavage) to form dicarboxylic acid. Based 
on their substrate specificity, they are further classified 
as catechol 1,2-dioxygenases, protocatechuate 3,4-dioxy-
genases or hydroxyquinol 1,2-dioxygenases [4]. In con-
trast to extradiol ring  cleavage dioxygenases, DOGs are 
believed to only catalyze oxygen-mediated ring cleav-
age reactions and are not as widespread across the tree 
of life. In the past, they were considered to be restricted 
to the genomes of bacteria and fungi. However, in 2011, 
Grbić et  al. [13] reported the presence of a DOG-like 
family in the spider mite Tetranychus urticae, a poly-
phagous arthropod herbivore. Further studies showed 
that these DOG genes had been acquired by a single 
horizontal gene transfer (HGT) event from fungi and 
subsequently proliferated [13–15]. However, the timing 
and functional importance of the transfer event remains 
elusive. Schlachter et  al. [16] uncovered that one par-
alog (tetur07g02040) codes for a DOG enzyme capable 
of cleaving the model substrates catechol and 4-methyl 
catechol in  vitro. Additionally, this enzyme is active in 
a monomeric state, unlike bacterial and fungal DOGs 
[17–19].

The presence of a proliferated DOG gene family (with 
17 paralogs in the London reference genome) in T. urti-
cae suggests that these horizontally acquired genes func-
tionally diversified and could contribute to the ability of 
T. urticae to metabolize the myriad of different aromatic 
compounds it encounters in its plant diet [20, 21]. Previ-
ous work supports this hypothesis by uncovering strong 
transcriptional responses of DOG genes upon short- 
and long-term transfers from kidney bean to other host 
plants that are defended by a diverse blend of aromatic 
compounds [14, 22, 23].

Studies on fungi and bacteria have reported that cer-
tain secreted DOGs exhibit the rare ability to cleave 
non-model complex substrates like procyanidins and 
catecholic intermediates of the lignin biosynthetic path-
way such as caffeic acid and caffeoyl-CoA [19, 24]. In the 
current study, we functionally characterized the spider 
mite DOGs and investigated the hypothesis that they 
can cleave plant-derived aromatic compounds. We first 
examined the evolutionary histories of DOGs within 
the Tetranychoidea superfamily, including spider mites 
and false spider mites. We then assessed DOG transcript 
accumulation in different feeding and non-feeding mite 
developmental stages as well as in adults in response to 
various plant diets. We also established in which mite tis-
sues DOGs are expressed via in situ hybridization. Fur-
thermore, we assessed the effect of DOG knockdown 
via RNAi on spider mite performance on different host 
plants. We subsequently produced recombinant protein 
for 7 DOGs and tested to what extent they can cleave 33 
aromatic plant compounds, many of which are known 
to be toxic to herbivores. Understanding the functional 
role of this unique enzyme family might not only help to 
understand why certain spider mite species like T. urti-
cae thrive on so many host plants with markedly differ-
ent chemical profiles but could also be a stimulus for the 
development of commercial applications that can effi-
ciently degrade environmental pollutants.

Materials and methods
Mite strains and tomato cultivars
The London strain is an outbred reference labora-
tory T. urticae strain [13] and was maintained on pot-
ted bean plants (Phaseolus vulgaris L. cv “Prelude”). 
The AT-London strain is derived from London and is 
adapted to tomato [23]. AT-London was maintained 
on potted tomato plants (Solanum lycopersicum L. cv 
“Moneymaker”). The METI-resistant strain MR-VP was 
maintained on kidney bean leaves treated with foliar 
applications of a commercial formulation of tebufen-
pyrad [25]. Houten-1 was originally collected in a tomato 
greenhouse in Houten (The Netherlands) [26]. Sant-
poort-2 was collected from a spindle tree located in a 
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natural park near Santpoort (The Netherlands) [27], 
whereas DeLier-1 was collected from Ricinus communis 
in a rural area close to De Lier (The Netherlands) [28]. 
Houten-1 mites were maintained on detached tomato 
leaves (cv “Castlemart” hereafter referred to as CM), 
whereas Santpoort-2 and Delier-1 were maintained on 
detached bean leaves (P. vulgaris L. cv “Speedy”). The 
Lahijan strain of Panonychus citri was originally collected 
in citrus orchards in Guilan (Iran) [29] and was main-
tained on detached sour orange leaves (Citrus aurantium 
L.). Mite strains were reared under laboratory conditions 
of 25 ± 1  °C, 60% relative humidity and a 16:8 h light to 
dark period. Here, we used tomato plants (CM) and the 
jasmonic acid mutant within a CM genetic background 
(hereafter referred to as def-1) in our experiments. 
Tomato plants were reared under greenhouse condi-
tions (25:18 °C day to night, 50–60% relative humidity and 
16:8 h light to dark photoperiod). Experiments involving 
potted tomato plants were carried out in a climate room 
(25 °C, 60% relative humidity and 16:8 h light to dark pho-
toperiod), to which the potted plants were transferred 
two weeks prior to mite infestation.

Spider mite DOG nomenclature
In the current study, we have given specific gene iden-
tifiers to the DOG genes of T. urticae and P. citri. The 
nomenclature of our T. urticae DOGs corresponds to the 
following gene identities in the ORCAE database (https://​
bioin​forma​tics.​psb.​ugent.​be/​orcae/​overv​iew/​Tetur) [30]; 
(TuDOG1-tetur01g00490, TuDOG2-tetur04g00150, 
TuDOG3-tetur04g08620, TuDOG4-tetur06g00450, 
TuDOG5-tetur06g00460, TuDOG6-tetur07g02040, 
TuDOG7-tetur07g05930, TuDOG8-tetur07g05940, 
TuDOG9-tetur07g06560, TuDOG10-tetur12g04671, 
TuDOG11-tetur13g04550, TuDOG12-tetur19g03360, 
TuDOG13-tetur19g02300, TuDOG14-tetur20g01160, 
TuDOG15-tetur20g01790, TuDOG16-tetur28g01250 
and TuDOG17-tetur44g00140). The nomenclature of the 
P. citri DOGs in this study corresponds to the following 
identities in the Panonychus transcriptomic data [31]; 
(PcDOG5- Pc_IDRCD16, PcDOG6- Pc_IDRCD9).

Confirmation of horizontal gene transfer and phylogenetic 
analysis of tetranychoid DOGs
Coverage plots for 17 T. urticae DOG genes were gener-
ated using the methodology described in Wybouw et al. 
[15] to confirm that they are real HGT genes and not 
genome contaminants. Three DOG genes (TuDOG7, 
TuDOG10, and TuDOG11) were also selected for PCR 
verification. A single PCR amplicon for each of these 
genes and their neighboring intron containing eukary-
otic genes was generated using GoTaq G2 DNA polymer-
ase (Promega). Primers sequences are listed in Table S1. 

The PCR conditions were initial denaturation at 95 °C for 
2 min, 35 cycles of 95 °C for 30 s, 55 °C for 30 s,72 °C for 
90 s and a final extension at 72 °C for 5 min. PCR products 
were purified using E.Z.N.A® Cycle pure kit (Omega Bio-
tek) and sanger sequenced (LGC genomics, Germany). 
The sequenced data was analyzed in BioEdit version 7.2.

T. urticae DOG protein sequences were used as 
query in a tBLASTn search (E-value threshold of E-5) 
against transcriptomes of 69 of the 72 tetranychid spe-
cies (excluding T. urticae, Panonychus ulmi, and P. citri) 
previously described in Matsuda et  al. [32]. The getorf 
command from the EMBOSS package [33] was used to 
extract open reading frames (ORFs, translations between 
START and STOP, minimum length of 375 nucleotides) 
from the unique tBLASTn hits. Subsequently, ORFs were 
translated to protein sequences and T. urticae DOGs 
were used in a BLASTp search (E-value threshold of E-5) 
against these translated ORFs to identify tetranychoid 
DOGs. DOGs (> 125 AA) of P. citri and P. ulmi were pre-
viously identified [31] while those of Brevipalpus yothersi 
were identified by a BLASTp search (E-value threshold of 
E-5) against the manually curated proteome of B. yoth-
ersi [34] using T. urticae DOG proteins as queries. DOG 
proteins of each of the 73 tetranychoid species were fil-
tered for identical sequences using the cd-hit program 
[35] with the “-c 0.98” option and DOGs of a given tet-
ranychoid species as input. Filtered DOGs of each spe-
cies were merged (496 sequences in total (see File S1), 
aligned using the online version of MAFFT version 7 
with G-INS-I settings [36] and revealed that two DOGs 
(S_lesp_12131_2 and P_late_308_1) disturbed the align-
ment. These two DOGs were removed from the set of 
DOG sequences and a final alignment was generated in 
an identical way as the preliminary alignment. According 
to the online version of ModelFinder [37, 38] and using 
the Akaike Information Criterion, the WAG+G+F model 
was optimal for phylogenetic reconstruction. A maxi-
mum likelihood analysis was performed using RAxML v8 
HPC2-XSEDE [38] on the CIPRES Science Gateway [39] 
with 1000 rapid bootstrapping replicates (“-p 12345 -m 
PROTGAMMAWAGF -f a -N 1000 -x 12345”). The tree 
was midpoint rooted and visualized using Iroki [40].

T. urticae DOG transcript analysis in different life stages, 
resistant strains, and strains adapted/acclimatized 
to different host plants
Protein sequences of the 17 T. urticae DOGs [13] were 
aligned using the online version of MAFFT v7 [36] with 
default settings. The resulting alignment was used in a 
maximum likelihood analysis using RAxML v8 HPC2-
XSEDE [38] on the CIPRES Science Gateway [39], with 
1000 rapid bootstrapping replicates and protein model 
set to “auto” (“-p 12345 -m PROTGAMMAAUTO -f 
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a -N 1000 -x 12345” option). The tree was midpoint 
rooted, visualized using MEGA 6.0 [41], and used to 
order DOG genes in the DOG expression heatmap.  
Microarray gene  expression data of T. urticae popula-
tions resistant to acaricides and T. urticae lines adapted/
acclimatized to different host plants were derived from 
previous studies [14, 22, 42–47] and gene expression 
analysis was performed as in Snoeck et al. [48]. In addi-
tion, we re-analyzed the microarray gene expression 
data of Bryon et  al.  [49] based on the methodology of 
Snoeck et  al. [48] but using non-diapausing LS-VL as 
the reference. Fold changes for T. urticae DOG genes 
were extracted and a heatmap was constructed using 
the ComplexHeatmap version 2.4.3 package [50] in R. 
RNAseq reads of T. urticae stages (Illumina trimmed 
reads with a length of 60 bp) and T. urticae males/
females (Illumina paired-end, strand specific 100 bp 
reads) were aligned as described in Wybouw et al. and 
Ngoc et  al. [15, 51], respectively. RNAseq read counts 
per gene, based on the annotation of August 11, 2016, 
were obtained using the default settings of HTSeq 0.6.0 
[52] with the “FEATURE” flag set to “exon” and the 
“ORDER” flag set to “pos.” For stage-specific RNAseq 
read count data, technical replicates data were col-
lapsed using the DESEQ2 v. 1.28.1 package [53] in R, 
and genes with no read counts for any of the four stages 
were excluded from further analysis, while genes with 
no read counts for any of the four biological replicates 
were excluded from the male/female RNAseq read 
count data. Next, read counts were normalized by the 
method of trimmed mean of M-values (TMM) and log2 
(counts per million (CPM)) were calculated using the 
edgeR version 3.30.2 package [54]. For the male/female 
RNAseq data, log2(CPM) values were averaged across 
biological replicates (four biological replicates/sex). 
Finally, log2(CPM) values were extracted for T. urticae 
DOG genes and a heatmap was constructed using the 
ComplexHeatmap version 2.4.3 package [50] in R.

T. urticae DOG transcript analysis in response to tomato 
defense
To establish the transcriptional changes that JA-mediated 
defenses induce in mites, T. urticae adult females were 
transferred from common bean to 21-day-old tomato 
plants, CM and def-1. To obtain age-synchronized 
females, adult females were transferred from the stock 
cultures to detached bean leaves and removed after 48 h. 
Offspring was allowed to reach adulthood. About fifteen 
2-day-old females were transferred to a tomato leaflet, 
and three leaflets per plant were infested (45 mites in 
total). Mites from 5 plants were pooled (max of 225 mites 
per pool) and constitute a biological replicate. Experi-
ments were repeated 4 times in 4 consecutive weeks. 

Mites were frozen in liquid nitrogen and kept at − 80 °C 
until RNA extraction.

Total RNA from frozen mite samples was isolated 
using the RNeasy Mini Kit from Qiagen (Venlo, The 
Netherlands) following the manufacturer’s guidelines. 
One microgram of RNA was DNAse-treated, and 500 ng 
was used for cDNA synthesis. cDNA was diluted 10 
times, and 1 μL of this dilution was used as template for 
a quantitative polymerase chain reaction (qPCR) using 
the Platinum SYBR Green qPCR-SuperMix-UDG kit 
(Invitrogen, Thermo Fisher Scientific, USA) and the ABI 
7500 Real-Time PCR system (Applied Biosystems, Foster 
City, CA, USA). Primers used in qPCR experiments are 
provided in Table S1. The normalized expression (NE) 
data were calculated by the ΔCt method [55]. Using 18S 
(tetur01g03850) as the reference gene [56], NE of each 
target gene was compared using a nested ANOVA with 
“Mite Strain” and “Plant Genotype” were included as fac-
tors and “technical replicate” (i.e., two for each reaction) 
nested into the corresponding biological replicate (cDNA 
sample). Means of each group were compared by Fisher’s 
LSD post hoc test using PASW Statistics 17.0 (Chicago: 
SPSS Inc.). To plot the relative expression, NE-values and 
SEM were scaled to the treatment with the lowest aver-
age NE. To test statistical significance, an independent 
t-test was performed for each mite line, comparing DOG 
expression in defenseless tomato line (def-1) vs wild type 
(CM). P-values were corrected for false positives using 
Holm-Sidak method.

In situ hybridization
In situ hybridization (ISH) was carried out to identify 
the in vivo localization of the transcription of TuDOG1, 
TuDOG11, and TuDOG16 in T. urticae. We based our 
protocols on previous work [46]. RNA was extracted 
from a pool of 100-120 adult females of the London 
strain using the RNeasy plus mini kit (Qiagen)). Approxi-
mately 2 μg of RNA was used to synthesize cDNA with 
a Maxima First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific). Primers were designed using Primer3 
[57] and amplified a fragment of approximately 300 bp 
(Table S1). After purification with an E.Z.N.A. Cycle 
Pure Kit (Omega Bio-tek, GA, USA), PCR products were 
cloned into pGEM-T plasmids (Promega) and trans-
formed into E. coli DH5α cells using heat-shock method 
[58]. Based on colony PCR assays, eight positive colonies 
for TuDOG1, TuDOG11, and TuDOG16 were grown in 
5 mL LB broth (Duchefa Biochemie) at 37 °C with shaking 
at 250 rpm for 16 h. Plasmids from these liquid cultures 
were purified with an E.Z.N.A. Cycle Pure Kit (Omega 
Bio-tek, GA, USA). Insert orientations and nucleotide 
sequences were determined by Sanger sequencing (LGC 
Genomics, Germany). PCR assays were performed on 
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the purified plasmids using pUC/M13 primers (Table S1) 
to generate amplicons that contain our approximately 
300 bp insert flanked by the T7 and SP6 promoter sites. 
The cycling conditions were 95 °C for 2 min, 35 cycles 
of 30 s at 95 °C, 45 s at 57 °C, 1 min at 72 °C and 5 min at 
72 °C. After verification by agarose gel electrophoresis, 
PCR products were purified using an E.Z.N.A. Cycle Pure 
Kit (Omega Bio-tek, GA, USA). An in vitro labeling reac-
tion was performed using T7 or SP6 RNA polymerase 
(Roche), digoxigenin-uridine triphosphate (DIG-UTP, 
Roche), and the purified PCR product, to generate sense 
or anti-sense DIG-labeled probes. Probes were purified 
using Sigma Spin TM Sequencing Reaction Clean-Up Col-
umns (Sigma) supplemented with hybridization buffer 
(50% formamide (Sigma), 2x SSC (Sigma), 1x Denhardt’s 
solution (Sigma), 200 μg mL−1 tRNA (wheat germ type V, 
Sigma), 200 μg mL−1 ssDNA (boiled salmon sperm DNA, 
Sigma), 50 μg mL−1 heparin (sodium salt, Sigma), 10% 
dextran sulfate (sodium salt, Sigma), and stored at −20 °C 
until use.

Adult female mites of the AT-London strain were col-
lected in an Eppendorf tube with 30% sucrose in 1x PBS 
(0.85% NaCl, 1.4 mM KH2PO4, 8 mM Na2HPO4, pH 7.1) 
and kept at 4 °C for 1–2 h. Specimens were mounted in 
an Optimal Cutting Temperature (OCT) compound (Tis-
sue-Tek; Sakura), sectioned into 7-μm thickness using a 
Leica cryostat CM1860, and then mounted on silanized 
slides. After air drying for 15 min, the slides were fixed in 
4% formaldehyde at 4 °C for at least 30 min, then followed 
with washing in PBS (1 min), 0.6% HCl (10 min) and 
PBS with 1% TritonX-100 (2 min). After two times 30 s 
washes in PBS, slides were pre-hybridized in 100-150 μL 
of hybridization buffer at 52 °C for 30–60 min. Slides were 
covered with coverslips and hybridized overnight (20–
24 h) at 52 °C in a closed container that contained 2x SSC. 
Coverslips were subsequently removed and the slides 
were washed in 0.2× SSC for 2× 30 min. Slides were sub-
sequently rinsed shortly in TBS (100 mM Tris, pH 7.5, 
150 mM NaCl) after which 1 mL of 0.1% BSA in TBS with 
0.03% Triton X-100 was added on each slide followed by 
incubation at room temperature for 30 min. After the 
solution was discarded, the slides were incubated with 
the antibody mixture (anti-DIG-AP: BSA buffer = 1:500) 
at 37 °C for 1 h. Slides were subsequently washed three 
times in TBS, 0.05% Tween-20 for 5 min and washed in 
DAP-buffer (100 mM Tris, 100 mM NaCl, 10 mM MgCl2, 
pH 8.0), and in TBS, 0.05% Tween for 5 min. Fast Red/
HNNP mix (Roche) was added to the slides, followed by 
incubation at room temperature for 30 min in the dark. 
After careful removal of the coverslip, slides were washed 
three times for 5 min in TBS, 0.05% Tween-20. The 
slides were mounted with antifade mounting medium 
(Vectashield) and covered with coverslips for further 

microscopic investigation (Nikon A1R fluorescence con-
focal microscope; emission at 500–530 nm and acqui-
sition at 488 nm for spider mite auto-fluorescence and 
emission at 570–620 nm and acquisition at 561.7 nm for 
FastRed signal). Z-stacks were created using 4 slices with 
2–3-μm distance between slices. All images were pro-
cessed with Fiji and CorelDRAW Home & Student ×7.

DOG silencing by dsRNA injection
To further investigate the functional importance of 
DOGs to host plant use, we selected two key DOG genes 
(TuDOG11 and TuDOG16) for transcriptional silenc-
ing by dsRNA injection. Total RNA of 200 adult females 
of the MR-VP strain was extracted using RNeasy Plus 
Mini kit (Qiagen, Belgium), reverse transcribed using 
the Maxima First Strand cDNA synthesis kit (Thermo 
Fisher Scientific), and amplified using gene-specific prim-
ers (Table S1) that contain 23 bases of the T7 promoter. 
The PCR conditions were as follows; initial denaturation 
at 95 °C for 2 min, followed by 35 cycles of amplification 
(95 °C for 30 s, 60 °C for 30 s, 72 °C for 1 min) and a final 
extension at 72 °C for 5 min. PCR products were purified 
using E.Z.N.A. Cycle Pure kit (Omega Bio-Tek, USA), 
sub-cloned in pJET/Blunt 2.0 Vector, and transformed 
by heat shock into E. coli DH5ɑ component cells. Selec-
tion was performed on LB agar plates with 50 μg mL−1 
carbenicillin. Positive colonies were confirmed by colony 
PCR and Sanger sequencing (LGC Genomics, Germany). 
To obtain pure and highly concentrated PCR template 
for dsRNA synthesis, a second PCR amplification step 
was performed on the plasmids. PCR products were 
purified using E.Z.N.A. Cycle Pure kit (Omega Bio-Tek, 
USA). The quantity and quality of the PCR products were 
assessed by DeNovix DS-11 spectrophotometer (DeNo-
vix, USA) and by running an aliquot on a 2% agarose gel. 
Next, dsRNA was synthesized using Transcript Aid T7 
High Yield Transcription kit (Thermo Fisher Scientific). 
After synthesis, dsRNA was purified by isopropanol pre-
cipitation [59]. The quantity and quality of dsRNA were 
assessed by a DeNovix DS-11 spectrophotometer (DeNo-
vix, USA) and by running an aliquot on a 2% agarose 
gel. Injections of dsRNA were carried out as described 
by Dermauw et  al. [60]. Briefly, 200 two-day old adult 
females of the MR-VP strain were immobilized on Alura 
red stained 2% agarose gel platforms for each treatment. 
Females were injected with 3 nL of a 1 μg μL−1 dsRNA 
solution targeting either GFP, TuDOG11, or TuDOG16. 
The dsRNA solution was injected into the ovary (near 
the third pair of legs) under a Leica S8 APO stereomicro-
scope using a Nanoject III injector (Drummond Scien-
tific, USA). Needles used for injections were made from 
3.5″ glass capillaries (Drummond Scientific, USA) using 
a PC-10 Dual-Stage Glass Micropipette Puller (Narishige, 
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Japan) with 2-steps and following settings for steps 1 
and 2 respectively: 101.1 and 96.4. Eight batches of 200 
females were injected per dsRNA treatment. Each mite 
batch was transferred to a detached kidney bean leaf and 
allowed to recover. After 72 h, approximately 40–80 mites 
were collected per treatment and RNA was extracted 
using the RNeasy plus kit (Qiagen). RNA integrity was 
verified on 1% agarose gel after which cDNA was pre-
pared from 1 μg RNA using the maxima cDNA synthesis 
kit (Thermo Fisher Scientific). qPCR assays were per-
formed using GoTaq®qPCR master mix (Promega cor-
poration). The thermal profile for qPCR was as follows: 
40 cycles of 95 °C for 15 s, 55 °C for 30 s, and 60 °C for 30 s. 
Silencing efficiency was determined using qbase+ with 
ubiquitin (tetur03g06910) and glyceraldehyde-3-phos-
phate (tetur25g00250) as the reference genes (An M value 
of 0.6 was obtained, reflecting stability of the housekeep-
ing genes). Primers for dsRNA synthesis and qPCR are 
outlined in Table S1. The remaining mites (about 60–100 
mites per batch) were transferred to tomato leaves cv 
“Moneymaker.” Mortality and fecundity were scored at 
different time points (24, 48, and 72 h) on tomato. Mor-
tality was defined as the percentage of dead mites at each 
time point relative to the total number of founding mites, 
whereas fecundity was defined as the total number of 
eggs divided by the surviving mites at each time point. To 
test statistical significance, a paired t-test was performed 
to compare each DOG treatment with GFP treatment 
using rstatix package in R (R development core team 
2017) and GraphPad prism v.6.01 softwares.

Functional expression of recombinant DOGs
The enzymatic abilities of spider mite DOGs were inves-
tigated by recombinant expression of some key DOGs in 
E. coli. To see whether the aromatic substrate ranges of 
DOG genes differed across species of the Tetranychidae 
family, we selected two DOGs (PcDOG5 and PcDOG6) 
from the citrus red mite, P. citri that were specific to the 
Panonychus clade [31]. All expression constructs were 
designed using SnapGene® viewer v. 5.1.6 and added an 
N-terminal 6x His-tag for purification and detection. 
Signal peptides were predicted using SignalP v.5.0 [61] 
and removed from the final expression constructs to 
allow for cytoplasmic expression. The coding sequences 
for TuDOG1, TuDOG11, and TuDOG16 were retrieved 
from ORCAE [30], codon optimized for expression in 
E. coli and produced by ATUM (Newark, CA) in the 
expression vector pJExpress 411. Additional DOGs con-
structs were designed from cDNA amplified from spider 
mite strains. The London strain was used to generate 
TuDOG7 and TuDOG15 constructs while the Lahijan 
strain was used to obtain PcDOG5 and PcDOG6 con-
structs. For cDNA preparation, total RNA was extracted 

from approximately 200 mites using RNeasy plus mini 
kit (Qiagen) and reverse transcribed using Maxima®first 
strand cDNA synthesis kit (Thermo Fisher Scientific). 
Full-length cDNAs (from start to stop codon) were 
amplified by a Phusion high fidelity DNA polymerase 
(Thermo Fisher Scientific). Primers sequences are listed 
in Table S1. The PCR conditions were 98 °C for 30 s, 
30 cycles of 98 °C for 10 s, 60 °C for 30 s,72 °C for 30 s, and 
a final extension at 72 °C for 5 min. PCR products were 
purified using E.Z.N.A® Cycle pure kit (Omega Bio-tek), 
cloned into PJET 1.2/blunt vector, transformed into E.coli 
DH5α cells using the heat shock method and grown on 
LB agar plates substituted with 50 μg mL−1 carbenicillin. 
Five colonies per DOG gene were selected, grown in 5 mL 
LB broth with 50 μg mL−1 carbenicillin, plasmid extracted 
using the E.Z.N.A® plasmid mini kit II (Omega  Bio-
tek), and Sanger sequenced (LGC genomics, Germany). 
Based on the obtained sequences (File S2a), codon opti-
mized constructs of TuDOG7, TuDOG15, PcDOG5, and 
PcDOG6 without the signal peptide were generated by 
Genscript (The Netherlands), cut from the storage vector 
puC57 using NdeI and BamHI restriction enzymes, and 
cloned into the final expression vector PJExpress 411 (for 
codon optimized sequences, see File S2b).

Protein expression conditions were optimized in 5 mL 
liquid cultures to maximize protein yields. For large 
scale expression, E. coli BL-21 (DE3) cells were trans-
formed by heat shock, grown in 1 liter LB broth with 
50 μg mL−1 kanamycin at 37  °C and shaken at 250 rpm 
in a 311DS Environmental shaking incubator (Labnet 
international, USA) until OD600nm = 0.8 was reached. 
After cooling the cultures to 16  °C, protein expression 
was induced with 4 mL of 100 mM isopropyl β-D-1 thi-
ogalactopyranoside (IPTG) to a final concentration of 
0.4 mM. To promote the incorporation of an iron cofac-
tor into the recombinant DOG proteins, 3 mg of ferrous 
sulfate heptahydrate was added. The induced cultures 
were grown for an additional 24 h at 16  °C with shaking 
at 180 rpm in Innova 40/40R-benchtop orbital shaker 
(Eppendorf, Germany). Cells were harvested by cen-
trifuging at 8000 g for 10 min. The pellet was stored at 
− 80  °C overnight, thawed and suspended in 100 mL 
lysis buffer (0.1 M PBS pH 7.5, 500 mM NaCl, 10 mM 
imidazole, 2% glycerol and 0.5 mM PMSF), and lysed by 
sonication on ice for 30 min. The lysate was centrifuged 
at 8000 g for 30 min and the supernatant passed through 
NiNTA column equilibrated with wash buffer (0.1 M PBS 
pH 7.5, 500 mM NaCl and 20 mM imidazole). Unbound 
proteins were washed off the column twice, first with the 
wash buffer containing 20 mM imidazole then with the 
wash buffer containing 30 mM imidazole. The protein 
was eluted with elution buffer (0.1 M PBS pH 7.5, 500 mM 
NaCl) containing increasing concentrations of imidazole 
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between 50 mM and 200 mM. Following an SDS-PAGE, 
imidazole fractions containing the recombinant protein 
were pooled together, concentrated and desalted using 
Amicon®Ultra-15 centrifugal filter units (Sigma Aldrich). 
Protein concentration was determined using Pierce TM 
Coomassie (Bradford) protein assay kit (Thermo Fisher 
Scientific). The concentrated protein was stored at 
− 20 °C with addition of glycerol to a final concentration 
of 25%.

Ferrozine assay
The ability of our recombinant DOGs to incorporate iron 
was verified using a modification of the ferrozine assay 
described by Ring et  al. [62]. Briefly, 10 μM protein in 
150 μL distilled water was hydrolyzed in an equal volume 
of acid digestion solution (a mixture of 1:1 ratios of 1.2 M 
HCl and 1.2 M ascorbic acid) at 60 °C for 3 h. The hydro-
lyzed protein was cooled to room temperature prior to 
adding 150 μL of iron chelating reagent (freshly prepared 
mixture of 5 M ammonium acetate, 2 M ascorbic acid, 
6.5 mM ferrozine, and 13.1 mM Neocuproine).  210 µL of 
the reaction mixture was transferred into a 96 well plate, 
covered in foil and incubated at room temperature for 
30 min. The absorbance at 562 nm was recorded and iron 
content calculated from iron standards of 0-20 μM pre-
pared from Mohr’s salt subjected to the same hydrolysis 
and detection procedure as the samples.

Spectrophotometry
As a first step to characterize the substrate range of 
our recombinant DOG enzymes, we defined their 
kinetic parameters using the model substrates catechol, 
4-methyl catechol, and 4-chlorocatechol. All substrates 
were purchased from Sigma-Aldrich (Belgium). The 
reactions were carried out in triplicate in a 96 well UV-
Star® Microplate (Greiner Bio-one), with a total reac-
tion volume of 200 μL per well consisting of 0.1 M PBS 
pH 7.5, 1 μg, or 5 μg enzyme and varying substrate con-
centrations of 5–500 μM. The reaction was initiated 
by adding the aromatic substrate to a mixture of buffer 
and enzyme. The formation of muconic acids at 260 nm 
(catechol and 4-chlorocatechol) and 255 nm (4-methyl 
catechol) was followed for 5 min. For negative controls, 
the recombinant enzyme was omitted. The initial veloc-
ity (vo) with each substrate concentration was calculated 
using molar extinction coefficients of 16800 M−1 cm−1 
for catechol, 14300 M−1 cm−1 for 4-methyl catechol [16], 
and 12400 M−1 cm−1 with 4-chlorocatechol [63]. Curves 
of initial velocity vs substrate concentration were plot-
ted using Sigma Plot v.13 (Systat Software Inc., USA) and 
kinetic parameters were determined for each enzyme 
with the three model substrates. The total protein used 
in kcat calculations was corrected for iron content using 

an iron factor calculated for each protein in the ferrozine 
assay (see above). As such, only the total amount of iron 
bound enzyme was used in the kcat calculations.

Oxygen consumption
We further investigated the substrate range of our 
recombinant DOGs using other more complex organic 
compounds in addition to the model substrates. All sub-
strates were purchased from Sigma-Aldrich (Belgium) 
except trans-clovamide which was purchased from Cay-
man Chemical (The Netherlands). Enzymatic activity was 
tested against a total of 33 plant secondary metabolites, 
five model substrates, and two pesticides. All substrates 
are listed in Table S2. Using the Oxytherm+System 
(Hansatech, UK), ortho-cleavage (i.e., cleavage of the aro-
matic ring between two neighboring hydroxyl groups) 
was evaluated by recording oxygen consumption rates 
following incubation with the recombinant T. urticae 
DOGs. The electrode was prepared and calibrated to 
25 °C before use. All reactions were carried out in three 
to four replicates in a total reaction volume of 1 mL, 
with the stirrer speed set to approximately 700 rpm (75% 
steps) for optimal oxygen circulation. Briefly, 984 μL of 
0.1 M PBS pH 7.5 was added to the reaction chamber, 
stirred and the signal allowed to equilibrate for 90 s after 
which 5 μL of 20 mM substrate stock prepared in metha-
nol was added and the chamber sealed from external 
oxygen. After signal equilibration for 90 s, 2 μL of boiled 
enzyme was injected into the chamber. Oxygen signal 
was recorded for 2 min at intervals of 10 s prior to injec-
tion of 9 μL active enzyme (3 or 5 μg). Oxygen consump-
tion with the active enzyme was measured for 5 min. The 
oxygen consumption rate (OCR) was determined from 
the slope of the linear part of the graph after addition of 
active enzyme and corrected for background oxygen con-
sumption with the OCR observed for the boiled enzyme 
control. Rates above 1 nmol mL−1 min−1 were scored 
as activity while lower rates were scored as background 
noise. A detailed graphical representation of the assay is 
provided in Figure S2. The OCRs for various substrates 
were compared and visualized using R package ggplot2 
(R Development core Team 2017).

Identification of reaction products by UPLC‑MS
To confirm ortho-cleavage of the aromatic rings by T. 
urticae DOGs, a selection of eleven plant secondary 
metabolites that showed oxygen consumption using the 
Oxytherm+System (see above) was subjected to further 
metabolomic analysis by UPLC-MS to identify the reac-
tion products (Figure S3). Analysis was carried out at 
the VIB Metabolomics Core Facility (Ghent, Belgium). 
Prior to metabolite analysis, all substrates were standard-
ized to ensure their detectability using a similar protocol 
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as described by Vanholme et  al. [64]. Briefly, 20 μL of a 
1-mM stock methanol solution was mixed with an equal 
volume of distilled water, and then 10 μL of the mixture 
was injected into the UPLC-MS system (Waters Cor-
poration) and the detectability checked in both positive 
and negative modes. The metabolomics reactions were 
carried out in five replicates with either boiled or active 
DOG enzyme in a 1  mL reaction volume. Specifically, 
to a 2  mL sterile Eppendorf tube, 986 μL of 0.1 M PBS 
pH 7.5 was added, 9 μL active or boiled enzyme (a total 
of 3 μg) and 5 μL of 20 mM substrate stock. The tubes 
were loosely capped to allow oxygen diffusion and incu-
bated at 25 °C with shaking at 300 rpm for 1 h. Reactions 
were stopped by adding 500 μL urea to a final concen-
tration of 7 M. The samples were stored at − 20  °C until 
analysis. Reaction mixtures were analyzed on a UPLC-
MS system as described in Vanholme et al. [64]. Briefly, 
2 μL of the mixture was injected on a Waters Acquity 
UPLC® equipped with a UPLC BEH C18 column (130 Å, 
1.7 μm, 2.1 mm × 50 mm) and coupled to a SynaptXS 
Q-Tof (Waters Corporation). A gradient of two buffers 
was used: buffer A (99/1/0.1 H2O/acetonitrile/formic 
acid, pH 3), buffer B (99/1/0.1 acetonitrile/H2O/formic 
acid, pH 3); 99% A for 1 min decreased to 50% A in 10 min 
(500 μL/min, column temperature 40 °C). The flow was 
initially diverted to waste for 0.5 min, and then to the MS 
equipped with an electrospray ionization source and lock 
spray interface for accurate mass measurements operat-
ing in negative ionization mode. The MS source param-
eters were capillary voltage, 2.5 kV; sampling cone, 40 V; 
source temperature, 120 °C; desolvation temperature, 
550 °C; cone gas flow, 50 L h−1; and desolvation gas flow, 
800 L h−1. The collision energy for the trap and transfer 
cells was 4 V and 2 V, respectively. For data acquisition, 
the dynamic range enhancement mode was activated. 
Full scan data were recorded in negative centroid sensi-
tivity mode; the mass range was set between m/z 50 and 
1200, with a scan speed of 0.1 s scan−1, with Masslynx 
software v4.1 (Waters). Leucin-enkephalin (250 pg μL−1 
solubilized in water/acetonitrile 1:1 (vol:vol), with 0.1% 
formic acid) was used for the lock mass calibration with a 
scan time of 0.5 s. Data processing was done with Progen-
esis QI v2.4 (NonLinear Dynamics).

Results
The evolutionary history of spider mite DOG genes
First, the T. urticae genome assembly was studied in 
detail in order to verify that DOG genes indeed reside 
within the mite genome. Coverage plots for all the 17 
DOG genes (File S3) showed equal coverage of DNA 
reads aligned to the assembled reference genome. In 
addition, single PCR amplicons of TuDOG7, TuDOG10, 
and TuDOG11 with canonical intron containing 

eukaryotic genes were also generated (Figure S4 for the 
PCR amplified bands and Files S4, S5 and S6 for the DNA 
alignments of the three DOGs respectively). Together, 
these analyses provide sound evidence for the genomic 
integration of DOG genes in the T. urticae genome.

Next, to obtain genome-wide insight in the evolu-
tionary history of spider mite DOG genes, a phyloge-
netic analysis was carried out using transcriptomic and 
genomic data. DOG homologs were identified in all 72 
spider mite species of the Tetranychidae family and in 
one false spider mite species of the Tenuipalpidae fam-
ily (Fig.  1, File S7). Together with previous work that 
screened a wider range of metazoan genomes, these find-
ings are in line with the previously proposed scenario 
that DOG genes restricted to bacteria and fungi were 
acquired by an ancestral mite species by horizontal gene 
transfer from fungi [13, 14, 16]. Current findings suggest 
that this transfer event occurred before the formation of 
the Tetranychidae and Tenuipalpidae families. Although 
caution is warranted for the comparison of gene num-
bers and orthologs detected in transcriptomic data [31, 
32] and genomic data [13, 34], as recent gene duplica-
tions and genes with very low expression levels might be 
missed in transcriptomic data, some general patterns can 
be deducted from our analyses (Fig. 1, File S7). First, the 
number of identified DOGs does not appear to be cor-
related with the number of host plants the mite species 
is reported to feed on. For instance, the polyphagous T. 
urticae and Oligonychus biharensis have a similar number 
of DOGs as Amphitetranychus quercivorus and Schizotet-
ranychus shii, which specialize on oak and Castanopsis 
sp., respectively (Table S3, spidermite web) [65]. Second, 
tetranychoid DOGs can either be lineage- (a3, d1, D) 
[32], genus- (e.g., Panonychus sp.) or species-specific (A. 
quercivorus and S. shii). Last, based on the phylogenetic 
analysis, we classified T. urticae DOGs into 13 ortholo-
gous clusters and for eleven clusters an orthologue could 
be detected in a specialist spider mite species (Fig.  1, 
File S1, Table S4). On the other hand, three of these 
eleven clusters contained duplicated T. urticae DOGs 
(TuDOG12/TuDOG13; TuDOG7/TuDOG8/TuDOG9; 
TuDOG4/TuDOG5) but whether these are duplicated in 
specialist spider mite species could not be clearly deter-
mined based on transcriptomic data alone.

Transcriptional responses of T. urticae DOGs
Previously published life stage- and sex-specific 
RNAseq data were analyzed to investigate DOG 
expression in T. urticae (Fig.  2a). For thirteen of the 
17 T. urticae DOG genes, we observed lower transcript 
levels in embryos than in any of the three feeding 
stages (larvae, nymphs, or adults), while for three T. 
urticae DOGs (TuDOG6, TuDOG14, and TuDOG11), 
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Fig. 1  Phylogenetic reconstruction of horizontally acquired tetranychoid DOGs. Maximum-likelihood phylogenetic analysis of 494 tetranychoid 
DOGs. The 14 tetranychoid genera and T. urticae are color coded. Arches indicate lineage, genus, or species-specific clades. We named these 
lineage-specific clades (D, d1, or a3) in accordance with Matsuda et al. [32]. An asterisk indicates that the T. urticae DOG was functionally expressed in 
this study. Only bootstrap values above 65 and at phylogenetically relevant nodes are shown. The scale bar represents 0.43 substitutions per site. A 
dashed branch indicates that this branch was shortened to improve figure clarity. See File S1 for DOG sequences used for phylogenetic analysis and 
File S7 for an expanded version of the phylogenetic tree
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levels were higher in the embryo than in any of the 
feeding stages. Noteworthy, the transcript levels of 
TuDOG15, TuDOG3, and TuDOG16 were on aver-
age the highest of all the DOG genes during feeding 

stages (average log2CPM > 6, Table S5). T. urticae DOG 
genes showed similar transcript accumulation pat-
terns in males and females, with TuDOG15, TuDOG3, 
and TuDOG16 transcripts being the most abundant 

Fig. 2  Host plant dependent DOG transcript accumulation in T. urticae. A Heatmap of T. urticae DOG transcript accumulation determined by 
RNAseq (left panel) or by microarray experiments (right-panel). For microarray experiments, expression data from either non-diapausing LS-VL 
adult females on common bean (diapause), London adult females on common bean (host plant data, MAR-AB, MR-VP, JP-R, Akita, and Tu008R), 
or LS-VL deutonymph females on bean (SR-VP, SR-TK) were taken as reference to calculate log2FC values. Gray boxes indicate that for a specific 
DOG gene no probes were included in the respective T. urticae microarray design, and hence expression could not be estimated. T. urticae DOGs in 
bold font were functionally characterized in this study. B Transcriptional response of DOGs to tomato defense. The expression of three DOG genes 
(TuDOG1, TuDOG8, and TuDOG16) was quantified by qPCR in three mite strains that differentially interact with jasmonic acid (JA) mediated tomato 
defense. Houten-1 induces the JA defenses of tomato and is resistant to it, Santpoort-2 induces JA-defenses and is susceptible to it, while DeLier-1 
suppresses tomato defense. Error bars represent the standard error of the mean (n = 4). An asterisk indicates a significant difference (alpha = 0.05). 
Expression of the three DOG genes was significantly upregulated in the JA-defense susceptible strain Santpooort-2 feeding on the wild type plants 
compared to the def-1 mutants (P values = 0.002, 0.0001, and 0.0001 with TuDOG1, TuDOG8, and TuDOG16 respectively). The expression of TuDOG16 
was also significantly upregulated in the resistant strain Houten-1 feeding on the wild type plants compared to the def-1 mutants (P value = 0.009). 
The three DOGs were not differentially expressed in the suppressor strain Delier-1 feeding on either wild type plants or def-1 mutants (P values 
> 0.05)
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(log2CPM > 6) of all DOG genes in both males or 
females. All T. urticae DOG genes, except TuDOG6, 
TuDOG14, and TuDOG11, were significantly down-
regulated in adult diapausing females compared to 
non-diapausing females (Table S6) [49]. Multiple T. 
urticae DOG genes responded to the mites being 
transferred from common bean to another host plant 
(i.e., tomato, maize cotton, soy bean or lima bean), 
with six DOG genes being upregulated (log2FC > 1.5, 
adjusted P-value < 0.05) in mites after transfer to lima 
bean compared to 14 after transfer to tomato. Of note, 
TuDOG16 was the only DOG gene that was always 
upregulated in spider mites upon transfer from com-
mon bean to another host plant, while TuDOG11 dis-
played the highest level of upregulation (fold change) 
in mites transferred from common bean to tomato. 
TuDOG11 was also the strongest upregulated gene in 
three pesticide resistant strains (MAR-AB, MR-VP and 
JP-R) (Fig.  2a, Table S6). Based on the phylogenetic 
tree (Fig. 1) and expression data (Fig. 2a), we selected 
some highly expressed lineage specific DOG genes 
for recombinant expression. The selected genes are 
marked with an asterisk in Fig. 1 and indicated in bold 
font in Fig.  2a. Three of the highly expressed lineage 
specific DOGs (TuDOG1, TuDOG8, and TuDOG16) 
were further investigated for their transcriptional 
response to tomato jasmonate defenses using three 
mite strains (Houten-1, Santpoort-2, and DeLier-1) 
that interact differently with jasmonic acid mediated 
tomato defenses [27, 28]. Houten-1 is a mite strain that 
resists the induced jasmonate defenses; Santpoort-2 is 
susceptible to these defenses; and DeLier-1 is suscep-
tible to these yet is able to suppress them before tak-
ing effect [27, 28]. We found that in the resistant strain 
Houten-1, only TuDOG16 expression was signifi-
cantly different in wildtype CM tomato plants vs def-
1 mutants (P value = 0.009), suggesting that this DOG 
could have an important role in overcoming tomato 
jasmonate defenses. As previously noted, TuDOG16 
was also the only DOG differentially expressed in all 
mites transferred from bean to another host (Fig. 2a). 
Interestingly, all three DOGs were significantly upreg-
ulated in the JA-defense susceptible Santpoort-2 
strain on CM tomato plants compared to def-1 plants 
(P values = 0.002, 0.0001, and 0.0001 with TuDOG1, 
TuDOG8, and TuDOG16 respectively). On the other 
hand, in the defense suppressor DeLier-1 strain none 
of the DOGs responded to the absence or presence of 
jasmonate defenses (P values > 0.05) (Fig.  2b, Table 
S7). Together, these data indicate that the expression 
of TuDOG1, TuDOG8, and TuDOG16 is upregulated 
in spider mites that induced jasmonate defenses, espe-
cially in strains that are susceptible to these defenses.

Spatial expression pattern of DOGs in T. urticae
The localization of transcription of three T. urticae DOG 
genes (TuDOG1, TuDOG11, and TuDOG16) was evalu-
ated using whole-mount in situ hybridization (ISH). In 
this ISH approach, the target transcripts are visible as a 
red signal, while the spider mite body shows green auto-
fluorescence. Red auto-fluorescence of the cuticle was 
also seen in both antisense and sense (control) treat-
ment (Fig.  3, Figure S5). Using mites that were adapted 
to tomato and overexpress DOGs [14, 23], ISH revealed 
that TuDOG11 and TuDOG16 were mainly transcribed 
in the digestive system, more precisely the posterior mid-
gut epithelium, ventricular epithelium, and dorsal epithe-
lium. Some staining was also seen in the developing eggs 
(Fig.  3). No clear staining was observed for TuDOG1, 
which could be as a result of poor probe design.

Effect of DOG silencing on mite performance 
on a challenging host plant
To gain insights in DOG function and overall contri-
bution to mite fitness, we used a reverse genetic RNAi 
approach to silence two tomato-induced DOG genes (see 
Fig.  2a), TuDOG11 and TuDOG16, for which expres-
sion was shown in the digestive track of mites feeding 
on tomato. Micro-injection of 3 nL dsRNA that targets 
TuDOG11 and TuDOG16 resulted in a silencing effi-
ciency of 89% (SE ± 9%) and 96% (SE ± 3%), respec-
tively (Fig. 4a). However, we observed that each TuDOG 
dsRNA was not specific and silenced both DOG genes, 
limiting our ability to disentangle the effect of a sin-
gle DOG gene. The relative expression of TuDOG11 
and TuDOG16 after silencing was significantly different 
from mites treated with GFP dsRNA (P value = 0.005 
and 0.006 with TuDOG11 and TuDOG16 respectively). 
Upon transfer to tomato, a significantly higher mortal-
ity was observed with TuDOG dsRNA-injected mites 
compared to GFP dsRNA-injected control mites (mor-
tality of TuDOG11 vs GFP, P value = 0.037 and 0.004 
with TuDOG11 and TuDOG16 respectively) (Fig.  4b, 
Table S8). DOG silencing did not significantly affect daily 
fecundity (P values > 0.05), although after 48 h on tomato 
TuDOG dsRNA-injected females laid a slightly lower 
number of eggs on average compared to GFP dsRNA-
injected females (Fig.  4c). Of note, we observed high 
variations in the numbers of eggs deposited (SE-values 
ranged from 0.163 to 0.514) and hypothesize that this 
could have resulted from different degrees of wounding 
by needle injection.

Functional characterization of spider mite DOG proteins
The coding sequences of five T. urticae and two P. citri 
DOGs were cloned into the expression plasmid pJExpress 
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Fig. 3  In situ localization of the transcription of T. urticae DOG genes. A A schematic representation of a mid-sagittal section of an adult T. urticae 
female redrafted from Alberti and Crooker [66] with the permission from Elsevier. The digestive and reproductive system is highlighted in dashed 
red and green lines, respectively. B A virtual mid-sagittal section obtained by a sub-micron CT scan of an adult T. urticae female. The internal 
morphology is as described by Jonckheere et al. [46]. C A DIG-labeled antisense probe for TuDOG16 was used for hybridization, and the signal was 
developed using anti-DIG-AP and FastRed as substrate. The reaction product is visible as a red signal (indicating regions where DOGs are expressed) 
while the spider mite body shows green auto fluorescence. The cuticle stained red in both antisense and sense treatment, so we considered this as 
a false signal. D The control signal developed from a DIG-labeled sense probe for TuDOG16. C, cuticle; PME, posterior midgut epithelium; OV, ovary; 
PM, posterior midgut; V, ventriculus; VE, ventricular epithelium; DE, dorsal epithelium; scale bars: 100 μm

Fig. 4  Silencing of DOG genes by RNA interference. A The relative expression of TuDOG11 and TuDOG16 was quantified by qPCR in adult female 
mites injected with dsRNA of either DOG or GFP. B Cumulative mortality. C Daily fecundity defined as the number of eggs laid by surviving mites 
after 24, 48, and 72 h on detached tomato leaves. Error bars represent the standard error of the mean (n = 8). Asterisks indicate a significant 
difference (alpha = 0.05). The relative expression of TuDOG11 and TuDOG16 after silencing was significantly different from mites treated with GFP 
dsRNA (P values = 0.005 and 0.006 with TuDOG11 and TuDOG16 respectively). Mortality was also significantly higher in TuDOG dsRNA-injected mites 
compared to GFP dsRNA-injected control mites (P values = 0.037 and 0.004 with TuDOG11 and TuDOG16 respectively). Daily fecundity was not 
affected by the dsRNA treatments (P values > 0.05)
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411. As expression of the two P. citri DOGs was unsuc-
cessful with the pJExpress 411 plasmid, the P. citri DOGs 
were recloned into pCold-SUMO expression plasmids 
(Takara Bio, France). Although this strategy improved 
the solubility, it failed to improve protein yield (≤ 1 mg). 
IPTG induction of the T. urticae constructs resulted 
in protein yields ranging between 2 and 12 mg from 1 L 
cultures (Table S9). All proteins were purified close to 
homogeneity as evidenced by a main band between 25 
and 37 kDa on both SDS-PAGE and Western-blot with 
anti-His-tag primary antibody (Figure S6). Following 
chromatography purification, all proteins exhibited a 
dark red coloration on the NiNTA column. The red col-
oration remained visible in the final purified proteins that 
had a high yield (TuDOG11, TuDOG15, and TuDOG16) 
but was not apparent in the proteins of low yield batches 
(TuDOG1, TuDOG7, PcDOG5, and PcDOG6). Ferrozine 
assays confirmed that the purified DOG proteins con-
tained iron, ranging from 0.3 to 1.0 nmol iron/nmol pro-
tein (Table S9), needed for catalytic activity.

The kinetic parameters of recombinant T. urti-
cae DOGs were determined with spectrophotomet-
ric assays using model substrates catechol, 4-methyl 
catechol and 4-chlorocatechol. Due to the low pro-
tein yield and low activity observed with model sub-
strates, the kinetic parameters of P. citri proteins were 
not characterized. TuDOG1 and TuDOG11 cleaved 
catechol with a higher efficiency as compared to 
4-methyl catechol and 4-chlorocatechol (kcat/KM 1.2-
2.5 fold higher with catechol as the substrate for the 
two enzymes). TuDOG7, TuDOG15, and TuDOG16 
showed preference for the substituted catecholates 

(Table 1). Under similar buffer and temperature condi-
tions, four of the recombinant T. urticae DOGs had a 
much lower affinity to catechol (KM 3-6 times higher) 
and 4-methyl catechol (KM 2-5 times higher) com-
pared to mTuIDRCD (TuDOG6) that was previously 
characterized by Schlachter et  al. [16]. TuDOG1 had 
a relatively similar affinity to catechol as mTuIDRCD 
and cleaved this substrate with a 4 times higher effi-
ciency as compared to that of mTuIDRCD under simi-
lar buffer and temperature conditions. TuDOG15 was 
the most efficient in cleaving 4-methyl catechol (kcat/
KM = 0.134 μM−1 min−1) and 4 chlorocatechol (kcat/
KM = 0.076 μM−1 min−1) compared to the other four 
recombinant T. urticae DOGs. Compared to bacterial 
homologs of Rhodococcus opacus and fungal homologs 
of Candida albicans and Aspergillus niger, the recom-
binant T. urticae DOGs were less efficient in cleaving 
these three model substrates (kcat/KM values approxi-
mately 2 to 4 orders of magnitude lower) [9, 17, 18, 
67]. In comparison to two hydroxyquinol dioxygenases 
(named NRRL3_05330 and NRRL3_02644) from Asper-
gillus niger, four of the recombinant T. urticae DOG 
enzymes were about 3–7 fold less efficient in cleaving 
4-methyl catechol while TuDOG15 was about 1.4 fold 
more efficient than NRRL3_05330 in cleaving this sub-
strate [67]. Additionally, TuDOG15 and NRRL3_05330 
have relatively the same affinity towards 4-methyl cat-
echol, 117 and 119 μM respectively.

Substrate diversity of T. urticae DOGs
The ability of T. urticae and P. citri DOGs to cleave more 
complex substrates in addition to the classical model 

Table 1  Steady state kinetic parameters (25  °C) of recombinant T. urticae DOG enzymes with catechol, 4-methyl catechol, and 
4-chlorocatechol

DOG Substrate KM (μM) Vmax (μM min−1) kcat (min−1) kcat/KM (μM−1 min−1)

TuDOG1 Catechol 15.2 ± 4.5 0.14 ± 0.01 2.269 ± 0.162 0.149 ± 0.036

4-Methyl catechol 15.1 ± 2.7 0.12 ± 0.01 1.945 ± 0.162 0.129 ± 0.060

4-Chlorocatechol 21.2 ± 7.4 0.08 ± 0.01 1.297 ± 0.162 0.061 ± 0.022

TuDOG7 Catechol 74.9 ± 30.9 0.42 ± 0.06 1.340 ± 0.191 0.018 ± 0.006

4-Methyl catechol 62.2 ± 42.3 0.53 ± 0.23 1.691 ± 0.734 0.027 ± 0.017

4-Chlorocatechol 115.2 ± 35.7 0.96 ± 0.23 3.062 ± 0.734 0.027 ± 0.021

TuDOG11 Catechol 64.9 ± 24.3 0.56 ± 0.04 3.202 ± 0.229 0.049 ± 0.009

4-Methyl catechol 153.9 ± 24.6 0.58 ± 0.04 3.316 ± 0.229 0.022 ± 0.009

4-Chlorocatechol 25.2 ± 4.6 0.09 ± 0.01 0.515 ± 0.057 0.020 ± 0.012

TuDOG15 Catechol 91.0 ± 21.2 0.09 ± 0.01 0.797 ± 0.089 0.009 ± 0.004

4-Methyl catechol 117.4 ± 46.5 1.77 ± 0.37 15.678 ± 3.277 0.134 ± 0.070

4-Chlorocatechol 72.0 ± 21.3 0.62 ± 0.09 5.492 ± 0.797 0.076 ± 0.037

TuDOG16 Catechol 51.0 ± 23.4 0.06 ± 0.01 0.483 ± 0.081 0.009 ± 0.003

4-Methyl catechol 52.4 ± 19.6 0.14 ± 0.02 1.127 ± 0.161 0.022 ± 0.008

4-Chlorocatechol 154.3 ± 20.9 0.31 ± 0.01 2.496 ± 0.081 0.016 ± 0.004
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substrates was evaluated by measuring oxygen consump-
tion using a Clark-type electrode. As DOG enzymes 
consume oxygen to cleave aromatic rings, oxygen deple-
tion can be linked to the conversion of substrates to their 
dicarboxylic acid derivatives. First, we checked oxy-
gen depletion with the three classical model substrates 
assayed earlier in spectrophotometry (catechol, 4-methyl 
catechol and 4-chlorocatechol) and two additional model 
substrates of microbial dioxygenases (hydroxyquinol 
and protocatechuic acid). In this setup, the three classi-
cal model substrates showed high OCR with the T. urti-
cae proteins while the P. citri protein pcDOG5 had a low 
OCR of 1.113 nmol mL−1 min−1 with 4-methyl catechol, 
confirming the finding from spectrophotometric assays. 
In addition, TuDOG11 and TuDOG15 showed activity 
towards hydroxyquinol while TuDOG16 was active on 
protocatechuic acid (Fig. 5).

Next, fourteen monocyclic and nineteen polycyclic 
compounds (Table S2) of plant origin containing adjacent 
hydroxyl groups were screened in oxygen consumption 
assays. Here, sixteen compounds resulted in oxygen con-
sumption rates (OCRs) higher than 1 nmol mL−1 min−1 
(Fig.  5), indicative of enzymatic activity towards a high 
number of newly uncovered DOG substrates. Inter-
estingly, only six of the sixteen compounds cleaved by 
recombinant DOGs were monocyclic while the rest were 
polycyclic with varying degree of polymerization, rang-
ing from dicyclic (e.g., transclovamide, chlorogenic acid, 
fraxetin and rosmarinic acid) to more complex structures 
(e.g., epicatechin, catechin, eriodictyol, ellagic acid and 
procyanidins A1 and B2). It is noteworthy that some of 
these polycyclic compounds namely eriodictyol, epicat-
echin, and catechin had similar or even higher OCRs 
compared to the model substrates, an indication that 

Fig. 5  Substrate screening by oxygen consumption assay. Color map indicating oxygen consumption rates observed in a screening assay to 
identify substrates cleaved by spider mite DOGs. Five model substrates (left) and 16 of 33 plant secondary metabolites (right) screened were cleaved 
by our recombinant T. urticae DOGs. See TableS2 for a detailed list of the substrates screened. White boxes mean the substrate was not cleaved by 
that DOG while various shades of blue indicate ortho-cleavage of the substrate. The higher the color intensity, the more the OCR and therefore the 
higher the activity of that DOG on the said substrate. OCR; oxygen consumption rate
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these complex plant metabolites could be better sub-
strates for T. urticae DOGs. Our data revealed a low level 
of specificity of the T. urticae DOGs towards their sub-
strates, as only 24% of all the metabolized substrates were 
cleaved by one particular DOG enzyme (Fig.  5). These 
include the model substrate protocatechuic acid cleaved 
by TuDOG16, ellagic acid (TuDOG1), caffeoyl malic acid 
(TuDOG16), and procyanidins A1 and B2 (TuDOG15). 
Procyanidin A1 was also cleaved by the P. citri protein 
pcDOG6, with an OCR of 1.691 nmol mL−1 min−1.

Last, to confirm that recombinant DOGs only cleave 
between adjacent hydroxyl groups, we also included two 
pesticides, all of which contain aromatic rings but lack 
adjacent hydroxyl groups. (i) 2,4-dichlorophenoxyacetic 
acid (2,4-D) is a phenoxy herbicide reported to be metab-
olized by dioxygensases [68, 69], and (ii) carbaryl is an 
insecticide also metabolized by dioxygenases [70]. None 
of them were cleaved by recombinant DOGs.

Metabolite identification
As the quantification by OCR is an indirect method, the 
actual ortho-cleavage of the plant secondary metabolites 
was confirmed by UPLC-MS analysis. Eleven of the plant 
metabolites/DOG mixtures that showed oxygen con-
sumption with the OCR measurements were subjected 
to UPLC-MS analysis. The substrate structures and pre-
dicted cleavage positions are shown in Fig.  6a. Since 
the substrate is continuously cleaved to a muconic acid 
derivative during the reaction with active enzyme, the 
percentage metabolized substrate was estimated from a 
comparison of the residual substrate in heat inactivated 
(control) and active enzyme treatments, revealing that 
eight of the eleven substrates were fully cleaved after 
20 min of incubation with the active enzyme (Fig.  6b, 
Table S10). To confirm cleavage, metabolites in the form 
of muconic acid derivatives were detected using mass 
spectrometry. Muconic acids are important intermedi-
ates towards the formation of succinyl-CoA and acetyl-
CoA, the final products of the β-KAP that converts toxic 
aromatic compounds into safe metabolites of the tricar-
boxylic acid cycle [6]. Additionally, their structures can be 
predicted based on the cleavage position in the catecholic 
ring of the aromatic compound, allowing for their detec-
tion in mass spectrometry. All ortho-cleavage reactions 
occurred at the predicted positions, with the predicted 
muconic acid derivatives being formed as confirmed 
by structure elucidation with the UPLC-MS. Interest-
ingly, recombinant DOGs were able to cleave transclo-
vamide and procyanidins at the two possible positions 
containing adjacent OH groups, thus yielding multiple 
metabolites. TuDOG16 assays yielded two metabolites 
(detected at 390.08 and 422.07 m/z) with transclova-
mide as substrate and TuDOG15 assays also yielded two 

metabolites (detected at 609.12 and 641.11 m/z) for pro-
cyanidins B2. Although at low OCR, pcDOG6 cleaved 
procyanidin A1 at the two possible positions simultane-
ously, yielding three different metabolites (two isomers 
detected at 607.11 m/z and a third metabolite detected at 
639.10 m/z). All UPLC-MS peaks and chemical structures 
of the detected products are provided as a supplemental 
figure (Figure S3).

Discussion
The complexity of plant-herbivore interactions is consid-
ered to be shaped by coevolutionary arms-races between 
plants and herbivores [71, 72]. Plants have evolved strat-
egies to defend themselves against pests, including sign-
aling pathways that can activate defenses specifically 
upon attack and establish a plethora of physiological 
responses that decrease their palatability. These include 
the accumulation of defense metabolites such as inhibi-
tors of herbivore digestion and a wide range of toxins 
and antifeedants [73, 74]. Herbivore feeding damage also 
induces structural changes that serve to repair wounds or 
to reinforce tissues and often linked to lignin biosynthesis 
which takes place downstream of the phenylpropanoid 
pathway. Many early lignin precursors (e.g., caffeic, feru-
lic, and chlorogenic acids) can also function as defense 
compounds or have a role in defense signaling [19]. The 
ability of the feeding herbivore to cope with these com-
pounds is therefore paramount for its survival and repro-
ductive success. Overall, arthropods have developed a 
myriad of defense strategies, ranging from insensitivity 
of target-proteins and receptor sites (pharmacodynamic 
mechanisms), to detoxification, sequestration, and secre-
tion (pharmacokinetic mechanisms) [75–77]. A number 
of enzyme families have been well-studied for their role 
in detoxification in arthropods, including those in spider 
mites. Previous studies have suggested that the evolution 
of a herbivorous generalist lifestyle might be linked to 
the expansion of several detoxification enzyme families, 
including cytochrome P450 mono-oxygenases, carboxyl-
cholinesterases, glutathione-S-transferases, UDP-glyco-
syltransferases, and xenobiotic transporters [13, 14, 23, 
78]. Surprisingly, a number of horizontally transferred 
genes were also uncovered in the T. urticae genome and 
are suggested to play a crucial role in the spider mite’s 
adaptation potential [13–15]. This includes DOG genes 
that encode enzymes which were suggested to directly 
ortho-cleave aromatic defense compounds of the host 
plant [14, 16], a metabolic activity unique in animals.

In this study, we used multiple complementary 
approaches to gather evidence for the involvement of 
DOGs in the xenobiotic metabolism of spider mites. 
First, a phylogenetic analysis provided evidence that the 
horizontal gene transfer event occurred before the split 
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Fig. 6  Confirmation of ortho-cleavage activity of T. urticae DOGs. A Chemical structures of the monocyclic and polycyclic catecholic compounds 
subjected to UPLC-MS. The ortho-cleavage positions are indicated with a red thunderbolt sign. B Percentage metabolized substrate as estimated 
from residual substrate in active and inactive enzyme treatments after 20 min incubation at 25 °C. The enzyme used with the various substrates is 
indicated under the curve. Error bars represent the standard error of the mean (n = 5)
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of Tetranychidae and Tenuipalpidae families (Fig. 1). We 
identified two clades containing DOGs from both mite 
families that could be more ancestral and represent a 
good candidate set to study the initial enzymatic abili-
ties of the transferred DOG gene. Lineage specific expan-
sion was also observed with DOG genes, most notably 
in the genus Tetranychus, where these patterns are also 
seen in other detoxification gene families [76, 79]. It is 
remarkable that an ortholog of TuDOG3 could be found 
in nearly all (66/70) Tetranychinae species, suggesting 
this gene is highly conserved and could play an essen-
tial role in the (eco)physiology of this genus. However, 
the identification of this gene in the transcriptomes of 
so many species could also be related to a relatively high 
transcript abundance, which is at least the case for T. 
urticae (see Fig. 2a). The gene expression data in Fig. 2a 
further revealed that only three DOG genes (TuDOG6, 
TuDOG11, and TuDOG14) are highly expressed exclu-
sively in the embryos, suggesting a conserved role unre-
lated to feeding/diet for these T. urticae DOG genes 
especially for TuDOG6 and TuDOG14 which were not 
lineage specific. Previous studies have suggested the 
involvement of extradiol ring cleavage dioxygenases in 
the development process by cleaving aromatic amino 
acids [80]. As such, the observed increase in expres-
sion level of the three dioxygenases could be an indica-
tion of a role in embryonic development, although this 
would be extraordinary for an intradiol enzyme. Further-
more, in situ hybridization also localized TuDOG11 and 
TuDOG16 to the egg before cell division, potentially indi-
cating maternal import of DOG mRNA in the developing 
oocyte. This could either be consistent with a role in early 
development but also could serve as maternally provided 
protection strategy. This was recently also suggested for 
cytochrome P450 mono-oxygenases (CYPs), well-known 
detoxification enzymes, where maternally inherited CYP 
activity in the eggs was correlated with acaricide resist-
ance in the egg [81]. The three dioxygenases were also 
highly expressed in diapausing mites that are character-
ized by an increased carotenoid biosynthesis [49, 82]. As 
previous studies have reported the involvement of extra-
diol dioxygenases in the metabolism of carotenoids in 
plants, fungi, and bacteria [83–85], the observed increase 
in DOG expression could point to a role in carotenoid 
metabolism in the diapausing mites. The remaining DOG 
genes were more highly expressed in the feeding stages 
(larvae, nymph, and adult) of mites feeding on different 
host plants than in the non-feeding stages, which makes 
a role in digestion and/or detoxification processes more 
likely. In this study, transcriptional responses of dif-
ferent spider mite strains feeding on wild-type tomato 
and a tomato mutant impaired in JA-induced defenses 
indicate that upregulation of some DOGs depends on 

JA-responsive compounds in the host plant and suggests 
that spider mites may do so to directly detoxify com-
pounds after ingestion. In support of this idea, the in situ 
hybridization localized DOGs mainly in the gut (Fig. 3), 
also suggesting a primary function in detoxification.

We observed that all five recombinant DOGs exhib-
ited activity against at least three of the five tested 
classic model substrates (catechol, 4-methyl catechol, 
4-chlorocatechol, hydroxyquinol and protocatechuate). 
Schlachter et  al. [16] observed that TuDOG6 cleaves 
catechol and 4-methy catechol with much less efficiency 
than the bacterial and fungal homologs. A similar low 
efficiency was observed with the five T. urticae DOGs 
in our enzymatic assays, suggesting that catechol and 
4-methyl catechol might not be the primary substrates 
of T. urticae DOGs. We therefore performed a high 
throughput substrate screening with an oxygen con-
sumption assay to identify other substrates of T. urti-
cae DOGs. We screened a panel of 33 plant metabolites 
as potential substrates, selected based on their pres-
ence in T. urticae infested plants, their reported toxic-
ity in arthropods [86–90] and/or since they are plant 
metabolites that possess two adjacent hydroxylated car-
bons (ortho) in the chemical structure. Of the 33 tested 
metabolites, 16 gave rise to detectable and reproducible 
oxygen consumption rates (OCR), ranging between 1 
to 40 nmol mL−1 min−1 (Fig. 5). Ortho-cleavage in 11 of 
the 16 detectable substrates was confirmed with UPLC-
MS, providing first evidence that this family of DOGs 
can metabolize a plethora of natural substrates besides 
the few model substrates. Although formal evidence of 
a shift in toxicity between compounds and their ring-
cleaved metabolites should be provided, this was techni-
cally not feasible. Nevertheless, it is clear that splitting 
an aromatic ring has a huge effect on the stability and 
the potential interactions of these molecules with their 
molecular targets. The wide array of substrates observed 
with the five recombinant T. urticae DOGs is surprising, 
and these results are in sharp contrast to the restricted 
enzymatic capabilities of DOGs of microbial organ-
isms. We therefore hypothesize that T. urticae DOGs, 
after the transfer event from a fungal donor species, 
have evolved to metabolize a wide range of structur-
ally unrelated plant metabolites. Indeed, we observed 
activity on compounds ranging from simple monocyclic 
organic compounds such as hydroxyquinol, caffeic and 
gallic acids, to complex polycyclic organic compounds 
such as phenolics (chlorogenic acid and rosmarinic acid) 
and flavonoids (epicatechin, eriodictyol, catechin and 
procyanidins), with an even higher efficiency than the 
classic model substrates catechol and substituted cat-
echols. These results are consistent with the TuDOG6 
(mTUIDRCD) structure as previously characterized by 
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Schlachter et  al. [16]. Their study revealed a relatively 
large opening at the active site that might accommodate 
complex substrates as compared to the bacterial DOGs 
that usually have a smaller active site. Enzyme activity 
was also observed with dopamine, a plant growth regula-
tor that responds to biological stressors [91]. TuDOG16 
showed high enzymatic activity for cleaving caffeic acid 
and chlorogenic acid (Figs.  5 and 6), both of which are 
well-known tomato defense compounds against a wide 
range of insect herbivores and whose accumulation in 
tomato leaves is induced by spider mite feeding [92, 93]. 
Even though most substrates were cleaved by more than 
one of the recombinant T. urticae DOGs, substrates like 
procyanidins (A1 and B2) and caffeoyl malic acid were 
only cleaved by TuDOG15 and TuDOG16 respectively. 
Previously, only fungal DOGs of plant pathogenic/asso-
ciated fungi were reported to have the ability to degrade 
plant procyanidins [24, 94]. Caffeoyl malic acid on the 
other hand is degraded by Streptomyces sp., a bacterial 
species capable of degrading a variety of phenylpropa-
noids [19]. The observation that horizontally acquired 
T. urticae DOGs of likely fungal origin degrade natural 
plant compounds strengthens the hypothesis that hori-
zontal gene transfer is a driving force in the evolution of 
arthropod herbivory [95]. Within the context of benefit-
ing from the enzymatic abilities of microbial organisms, 
it is interesting to note that a fungal DOG was found to 
play a central role in the association between the bark 
beetle Ips typographus and the fungus Endoconidiophora 
polonica. The beetle is a vector of the fungus and both 
attack Norway spruce. When feeding, the beetle induces 
an accumulation of defensive organic compounds that 
are subsequently cleaved by intradiol catechol dioxyge-
nases of the fungus that utilizes them as a carbon source, 
thus enabling the bark beetle to escape the defense com-
pounds of Norway spruce [94]. Transcriptional silenc-
ing of T. urticae DOGs further supports a role in host 
plant utilization. RNAi-mediated silencing of TuDOG16 
via dsRNA injection significantly affected the survival 
rate of T. urticae when transferred to tomato (Fig.  4). 
Together, these findings suggest that TuDOG16 is very 
important for the mite’s ability to cope with the tomato 
defensive chemistry, possibly detoxifying caffeic and 
chlorogenic acids produced by the plant in response to 
spider mite attack. On the other hand, the omnipresence 
of DOGs in tetranychid species might also point towards 
a function for these enzymes across diverse plant hosts. 
All tetranychid mite species damage plant cells by pierc-
ing the cell wall with its stylets [96] and plant cells are 
known to initiate lignin production upon cell wall dam-
age [97]. An increase in lignin production might in 
turn result in an increase in phenylpropanoid pathway 
intermediates, including 5-hydroxy-ferulic-acid and 

caffeic acid [98, 99]. Such catecholic compounds were 
often shown to exhibit defensive properties [100]. They 
are produced throughout the phenylpropanoid path-
way and are believed to be converted into quinones by 
plant polyphenol oxidases (PPOs) in the herbivore gut. 
This is a two-component defense system where the plant 
accumulates herbivore-induced PPOs in vacuoles and 
ortho-dihydroxyphenolics in the cytosol, keeping them 
compartmentalized until they are ingested by a feed-
ing herbivore and mixed in the gut. There is evidence 
that quinones generated by the PPOs after mixing them 
with these compounds damage the herbivore gut [101]. 
Interestingly, PPOs are among the best documented 
mite- and jasmonate-inducible enzymes in plants such 
as tomato [102]. Their expression is much lower in def-1 
[103] and they act on catecholic compounds [101] as do 
the DOGs. Therefore, we hypothesize that some DOGs 
may compete with plant PPOs in the mite gut to divert 
the production of dangerous quinones by PPOs towards 
the relatively harmless aliphatic acids. The accumulation 
of ortho-dihydroxyphenolics such as 5-hydroxy-ferulic-
acid and caffeic acid has been previously observed in 
mite infested leaves [92] and tetranychid DOGs might 
then be key in neutralizing these compounds directly, 
or indirectly by substrate competition with PPOs in the 
herbivore gut [104].

Although some DOGs were highly expressed in pesti-
cide resistant strains (Fig.  2a), the two pesticides tested 
in this study (2,4-D and carbaryl) were not metabolized, 
reinforcing the notion that DOGs act on aromatic rings 
with two adjacent hydroxyl groups. Given that in poly-
phagous herbivores and spider mites such as T. urticae 
in particular, large coordinated responses in gene expres-
sion were observed in response to pesticide selection and 
host plant use [14], we hypothesize that the observed 
increased expression of DOGs is probably a result of co-
regulation in a more general stress response. Described 
coordinated responses have included genes involved in 
xeno-sensing, detoxification, and transport [14, 23] and 
is likely that DOGs further metabolize pesticides after 
the introduction of additional hydroxyl groups by CYPs. 
The DOG-mediated catabolism of catecholic intermedi-
ates formed downstream of the activation steps is typi-
cal for bacterial β-ketoadipate pathway, for example, the 
degradation of the herbicide 2,4-D that is first converted 
to 3,5-dichlorocatechol [68] or hydroxyquinol [69]. The 
insecticide carbaryl is first converted to 1,2-dihydrox-
ynapthalene [70] prior to ortho-cleavage by bacterial 
DOGs.

To see whether substrates of DOG proteins differ 
between species of the Tetranychidae, we also expressed 
two DOGs (PcDOG5 and PcDOG6) from the citrus red 
mite (Panonychus citri), a citrus specialist, that were 
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specific to the Panonychus clade (Fig.  1) [31]. Unfortu-
nately, we experienced difficulties in obtaining high yield 
pure recombinant protein for these genes. Nevertheless, 
oxygen consumption assays showed activity on procyani-
din A1 with PcDOG6. UPLC-MS analyses with PcDOG6 
and procyanidin A1 also identified three metabolites 
formed from ortho-cleavage of the two hydroxyl posi-
tions present in procyanidin A1. Procyanidins function 
in many plants, including citrus, in defense pathways 
against biotic stress [105, 106]. Given that they are syn-
thesized from polymerization of catechin or epicatechin 
units, we also expected activity on these compounds as 
the T. urticae DOGs were active on these subunits as well 
as on procyanidins but this was not the case, possibly due 
to low activity of the two P. citri proteins. Nevertheless, 
as both TuDOG15 and PcDOG6 can metabolize pro-
cyanidin A1, we can conclude that DOGs from different 
tetranychid species can act on the same substrates, while 
establishing their degree of specificity should be a subject 
of future study.

Variations in the observed enzymatic properties (iron 
content and low activity with some proteins) could be 
attributed to the bacterial expression system we used for 
their production. Spider mites and fungi are eukaryotic 
and hence recombinant protein production in a prokary-
ote, albeit codon optimized, may suffer from misfolding 
or other post translational differences. Producing mite 
DOGs in a eukaryotic expression system, for example 
using insect cell lines, may result in enzymes that exhibit 
a less variable activity and that provide a more apparent 
substrate-specific contrast. Additionally, in bacteria and 
fungi, DOGs often consist of heteropolymers [17, 67, 
107–109]. We did not investigate this property for the 
recombinant DOG enzymes, as the first structure eluci-
dation of TuDOG6 (named mTUIDRCD) by Schlachter 
et al. [16] revealed that this particular T. urticae DOG is 
active as a monomer. Co-crystallization of spider mite 
DOG enzymes with their substrates would be a step for-
ward in understanding the substrate-enzyme interaction 
dynamics of these DOGs.

Conclusion
In this study, we examined the evolutionary history 
of DOGs and deduced that DOG genes were horizon-
tally acquired before the formation of the (phytopha-
gous) Tetranychidae family. Based on phylogeny and 
expression profile, a selection of tetranychid DOGs 
was expressed in E. coli, purified and functionally char-
acterized with oxygen consumption assays while ring 
cleavage was confirmed by UPLC-MS. We show here 
that spider mite DOGs metabolize a wide variety of 
complex organic phytochemicals, a unique property for 
this class of enzymes. Substrates include many plant 

metabolites associated with inducible defenses, sug-
gesting that DOGs function as detoxification enzymes. 
This hypothesis was re-enforced by the gut specific 
expression of some DOGs, their JA-dependent expres-
sion, and their effect on spider mite survival on tomato 
when silenced by RNAi.
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containing T. urticae DOG genes. Table S5. log2CPM values of T. urticae 
DOG genes across different stages [13] and in T. urticae males or females 
[51]. Table S6. log2FC of T. urticae DOG genes in diapausing females, host 
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Fe3+ standard curve. All purified DOG proteins had good enough yields, 
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Additional file 15: Table S10. UPLC-MS data generated for recombinant 
DOG enzymes. The retention time, mass to charge ratios (m/z) and peak 
areas of the substrates and reaction products formed after in vitro incuba-
tions with recombinant DOG enzymes are shown. The reactions were 
carried out in 5 replicates, with boiled enzyme controls indicated as C1-C5 
and the active enzyme reactions indicated as T1-T5 alongside the tested 
substrate.

Additional file 16: Figure S1. Chemical structures of the three products 
formed from funneling reactions utilized by microorganisms in the 
breakdown of organic compounds. Catechol and protocatechuic acid 
degradation proceeds via the β-ketoadipate pathway while hydroxyquinol 
is formed from protocatechuate and degraded in an alternative pathway 
found in some bacteria and fungi.

Additional file 17: Figure S2. Schematic of oxygen consumption assay 
with Clark-type electrode. (A) The Clark type electrode reaction chamber. 
The rubber seal replaces the microsyringe after injection of the various 
components into the system. It serves to seal the chamber from external 
oxygen. (B) A zoom into the electrode unit. The platinum cathode is sur-
rounded by a well that serves as a reservoir for electrolyte solution (50% 
potassium chloride). During the reaction, the electrolyte is ionized and 
initiates a current flow from anode to cathode. The current is equivalent to 
the oxygen concentration in the media. (C) Typical oxygen consumption 
curve observed when there is substrate cleavage. (D) The curve observed 
in the absence of substrate cleavage. In the absence of substrate cleavage, 
catechol was added at the end of the reaction as a control for activity.

Additional file 18: Figure S3. Spectra of selected substrates and their 
metabolites as detected in negative mode by UPLC-MS. Black peaks 
represent the substrate while red peaks depict the metabolites. Structures 
of both the substrate and the metabolite are as shown with their mass to 
charge ratios. The DOG used in the assay is indicated in blue. A thunder-
bolt sign shows the ortho-cleavage position.

Additional file 19: Figure S4. PCR amplicons of TuDOG7, TuDOG10 and 
TuDOG11 and their neighboring intron containing eukaryotic genes.

Additional file 20: Figure S5.in situ localization of T. urticae DOG genes 
(TuDOG11 and TuDOG3). A DIG-labelled antisense probe was used for 
hybridization and the signal was developed using anti-DIG-AP and 
FastRed as substrate. The reaction product is visible as a red signal (the 
cuticle got red staining in both antisense and sense treatment so we con-
sider that as false signals) while the spider mite body shows green auto 
fluorescence. Abbreviations: C, cuticle; PME, posterior midgut epithelium; 
PM, posterior midgut; V, ventriculus; VE, ventricular epithelium; Scale bars: 
100 μm.

Additional file 21: Figure S6. Stain-free SDS-PAGE (panel a) and western 
blot (panel b) of purified recombinant T. urticae DOGs. The 6x His tagged 
proteins are between 25-37 kDa.
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